Despite the conserved function of aggression across taxa in obtaining critical 28 resources such as food and mates, serotonin's (5-HT) modulatory role on
prolonged high intensity contests regardless of whether 5-HT has been increased in 118 one male, with exogenous manipulation only making contests shorter and less 119 intense if it causes brain 5-HT to be substantially elevated above that of the 120 opponent (10). Thus, aggression in T. dalmanni provides a useful model for 121 examining how 5-HT can discretely modulate behavioral expression according to 122 specific contexts, which will in turn determine when conflicts are initiated/terminated 123 and if there is an escalation in the intensity of aggression during the interaction.
124
However, it is not known if these differential effects are dependent on 5-HT receptor 125 specificity. This relationship between 5-HT receptor subtype and aggression in T.
126
dalmanni was investigated in the current study. 
151
Finally, a seemingly more troubling limitation in our knowledge of how 5-HT 152 mediates aggressive behavior is the lack of studies conducted with female 153 invertebrates. Although several studies have described neural pathways involved in 154 aggression and related behaviors, the almost exclusive use of male subjects 155 precludes determining whether these are sex-specific (for review see 40). Given the 156 stark contrast in aggression and related behaviors between the sexes of many 157 invertebrate species, as well as morphological dissimilarities (1), it is reasonable to 158 suggest significant sex differences in underlying neural mechanisms. For instance, 159 in the stalk-eyed fly, T. dalmanni, both sexes possess elongated eyestalks and 160 engage in intrasexual aggressive contests over food resources, but unlike for males, 161 the relatively shorter eyestalks of females do not appear to be used for assessment 162 of opponents (41, 42) . Further, qualitative comparison across studies using either 163 sex suggests females rarely engage in high intensity aggression (e.g., 1, 41, 42) .
164
Pharmacologically increasing 5-HT in a smaller male will override the inhibition of 165 aggression evoked by perception of a larger opponent with longer eyestalks (23), 166 and expression of high intensity aggression by males in size-matched or 167 mismatched contests is increased by 5-HT treatment (2). The sex difference in 168 opponent perception and aggression level, combined with the known effects of 5-HT 169 on these behaviors in males, makes T. dalmanni an ideal model species for 170 examining whether insect aggression is modulated by 5-HT in a sex-dependent 171 manner.
172
Here, we sought to address some of the gaps in knowledge about 5-HT Table 1 ). We intentionally focused on the Tk ligand 244 itself and not the receptor due to ambiguity in the specific receptor responsible for 245 baseline aggression in dipteran flies (24). Relative quantification (RQ) of the PCR 246 product was conducted using the comparative C T method (46). Values were 247 presented as target gene expression relative to the endogenous control Gapdh). 
249

285
Males and females were randomly selected from a social cage and size-and 286 sex-matched to an opponent. Treatment groups were allocated randomly, with 287 experimental males and females being injected with 100 nL of 5-HT 2 siRNA solution 288 and control flies injected with 100 nL of GFP siRNA solution. All subjects were 289 returned to their previous housing conditions and allowed to recover for 48 hours 290 with free access to food and water. Flies were then placed in the forced-fight 291 paradigm described above.
293
5-HT quantification:
294 Quantification of brain 5-HT was conducted using high-performance liquid 295 chromatography (HPLC) with electrochemical detection as previously described 296 (14). Briefly, whole brains were dissected and frozen in 60 µL of acetate buffer 297 containing the internal standard α-methyl-dopamine (Merck) and stored at -80 o C.
298 Samples were thawed and centrifuged at 17,000 rpms. A portion of the sample (45 299 µL) was injected into the chromatographic system and the amines were separated 300 with a C 18 4 µm NOVA-PAK radial compression column (Waters Associates, Inc. were not different between groups (Fig. 3) . In contrast, when the experiment was 379 repeated in females, we found expression levels of 5-HT 2 and Tk in socially isolated 380 flies did not differ significantly from values obtained in colony-raised flies (Fig. 3) .
381
Similar to males, females did not show differences in the expression of brain 5-HT 1A , 382 5-HT 7 , or NPFr following isolation (data not shown). expression levels compared to vehicle injected siRNA (1.0 ± .09, n = 9 vs 0.68 ± 0.06, n = 406 6). 5-HT 2 siRNA did not affect expression levels of the closely related 5-HT 1A receptor. 407
Values are normalized to vehicle injected individuals and presented as mean ± SEM. 408
(Two-tailed, Student's t-test; p < 0.05 * , p < 0.01 ** , p < 0.001 *** ). 409
410
Socially-reared males injected with 5-HT 2 siRNA initiated more confrontations 411 compared to their vehicle-injected opponents ( Fig. 5 ; Wilcoxon matched-pairs signed 412 rank test, p < 0.001). However, high-intensity behaviors in males did not differ 413 between 5-HT 2 siRNA injected and vehicle-injected opponents (Fig. 5 ). Female 414 opponents did not differ in either initiations or high-intensity behaviors, despite 5-HT 2 415 siRNA-injected females having significantly lower 5-HT 2 expression levels compared 416 to their vehicle-treated opponents (Fig. 5) . To probe for potential interactions between 5-HT and neuropeptides in 434 modulating aggression in males, we next measured brain NPFr and Tk expression 435 levels following the siRNA-induced reduction in 5-HT 2 . Reducing expression of 5-
436
HT 2 using siRNA significantly reduced NPFr expression in males ( Fig. 6 ; Student's t-437 test, p < 0.01). When this experiment was repeated in females, our results showed 438 that reduction of 5HT 2 receptors did not significantly affect NPFr expression ( Fig. 6 ).
439
Expression of Tk did not differ in males or females treated with 5-HT 2 siRNA (Fig. 6) . Elevating 5-HT concentrations increases Tk expression in males but not females:
449
We have previously reported an increase in high-intensity aggressive 450 behaviors in male stalk-eyed flies following administration of the 5-HT metabolic 451 precursor, 5-HTP (15) . When we repeated this study in female stalk-eyed flies, we 
461
In contrast, females treated with 5-HTP did not have a significant difference in Tk 462 expression when compared to controls (Fig. 7A) . Additionally, expression of NPFr 463 was also significantly raised in males following 5-HTP treatment but not in females 464 ( Fig. 7B ; Student's t-test, p < 0.001). We did not find significant differences in the 465 expression of brain levels of 5-HT 1A , 5-HT 2 , or 5-HT 7 , respectively, in either males or 466 females treated with 5-HTP when compared to vehicle-treated controls. In these studies, we used the sexually dimorphic stalk-eyed fly as a model to 
501
To test this, we investigated the effects of social isolation on aggression and 502 expression of serotonin receptor subtypes in male and female stalk-eyed flies.
503 Previous studies indicate that social vertebrates and invertebrates that are either 504 reared in isolation or exposed to periods of isolation exhibit increases in aggression 505 to conspecifics (19, 48-50, 55). In line with this, we found that socially isolated male 
518
These results differ from earlier work in Drosophila which showed that socially-519 isolated males had decreased expression of 5-HT 1A -and increased expression of 5-
520
HT 2 -like receptor mRNA (19). These differences may be species specific, but more 521 likely may be related to the isolation protocol employed. In the Drosophila study, the 522 flies were isolated 2 to 3 days post-eclosion and kept in constant light, whereas we 523 isolated sexually mature flies for 7 days and used a 12:12 light dark cycle.
524
Regardless, the isolation-induced reduction in 5-HT 2 receptors seen here would 525 allow for greater activation of 5-HT 1A receptors even in the absence of altered 526 expression of the latter subtype. Together with our behavioral findings, this further 527 supports the notion that decreased and increased activation of 5-HT 2 and 5-HT 1A 528 receptors, respectively, is a likely substrate for heightened aggression following 529 either social isolation or enhanced serotonergic activity.
530
In addition to measuring 5-HT-like receptor subtypes, we also evaluated the 531 expression of Tk and NPF receptors in socially-isolated and socially reared flies.
532 Neither NPF receptors nor Tk in females was affected by social isolation, and 533 expression of NPF receptors did not differ with rearing condition in males. In 534 contrast, the expression of Tk was markedly increased in socially-isolated males.
535 Recent work in Drosophila has shown that neurons expressing Tk regulate male-536 male aggression (25), suggesting the increase in Tk found in socially-isolated male 537 stalk-eyed flies likely contributes to the increase in aggression displayed by these 538 insects, similar to what is observed in vertebrate species (57). Further, the finding 539 that only males showed both increased Tk and reduced 5-HT 2 receptors implicates 540 the combination of these factors in determining sex-specific changes in aggression 541 caused by social isolation.
542
The decreased expression of 5-HT 2 -receptors, increased Tk expression and 543 heightened aggression following social isolation led us to investigate if there was a 544 direct relationship among these factors, which we tested by genetic knockdown of 5-
545
HT 2 receptors. In line with our prediction, males exhibited increased aggression with 546 5HT 2 receptor knockdown, suggesting that serotonergic activation of the 5HT 2 -like 547 receptor normally acts to dampen aggression. This result is consistent with earlier 548 work in Drosophila, which showed that treatments with 5-HT 2 agonists decreased 549 aggression (19), and further implicates the balance between 5-HT 1A and 5-HT 2 550 signaling in determining expression of aggressive behavior. Interestingly, 5-HT 2 551 knockdown had no effect on male Tk expression, suggesting that the increase in Tk observed in socially isolated males is independent of the decrease in the expression 553 of the 5-HT 2 receptor subtype. While Tk was not affected by 5-HT 2 knockdown, 554 there was a significant reduction in expression of NPF receptors in male brains. In decreasing the motivation to engage in the opening stages of the contest (Fig. 8 were also indicated when comparing across experimental manipulations (Table 2) , 619 with a primary role suggested for 5-HT 2 receptors in contest initiations, while Tk 620 serves to modulate high intensity aggression (Fig. 8 ). However, winning appears to 622 (Table 2) . Together, findings suggest the motivation to engage in a contest is 623 enhanced by decreased 5-HT 2 receptor activation, which may be potentiated by 624 reduced NPF signaling. As the contest progresses, reduced 5-HT 2 activity is 625 maintained but no longer influences behavior, with escalations in intensity driven 626 largely by increases in Tk. The combination of increased initiations and high 627 intensity aggression then serves to increase the probability of winning (Fig. 8) .
628 629 motivation to engage in aggression appears to be promoted by a reduction in 5-HT 2 637 receptor activity, which may directly inhibit NPF signaling. Escalation in aggression as 638 the contest proceeds is driven by an increase in Tk, with 5-HT 2 receptors and NPF no 639 longer influencing behavior. Greater willingness to engage and subsequent expression 640 of high intensity aggression then facilitate the probability of winning. 641
642
It is generally presented that 5-HT has a largely inhibitory role in vertebrate vertebrates and invertebrates overlooks the intricate and conserved interactive role 662 this monoaminergic system has with other neurochemical systems known to 663 influence aggressive behavior, while also not accounting for effects of sex.
664
Investigating whether these interactions exist and function similarly in a range of 665 animal species undergoing diverse selection pressures will aid in uncovering the 
